. However, it has been reported (1, 13, 29, 34) that the cranial conversion from a "closed box" to an "open box" affects the balance of pathophysiology, which brings risks. Paradoxical herniation, an unusual complication of cerebrospinal fluid (CSF) drainage in patients with large decompressive █ InTRODuCTIOn T he patient with uncontrollable intracranial hypertension usually undergoes emergency decompressive craniectomy (1, 7, 14) . The decompressive craniectomy provided more space for the masses or edema of the brain AIM: We aimed to investigate the importance of early diagnosis and proper management of paradoxical herniation based on the data of 13 patients who had 14 occurrences of paradoxical herniation.
craniectomy, may result in coma or death because of delayed diagnosis or mismanagement. To date, the information on paradoxical herniation as procedural outcomes affecting patient survival and recovery is mostly based on sporadic case reports rather than multi-centered, randomized, controlled clinical trials (1, 13, 29, 34) . Thus, the neurosurgeons need to do further clinical investigation. Here we present an analysis of the clinical characteristics and effectiveness of therapies based on the data of 13 patients who had 14 occurrences of paradoxical herniation which we have treated since 2007. Our study demonstrates the importance of early diagnosis and proper management of paradoxical herniation. █ 
MATERIAL and METhODS

Ethics Statement
This retrospective study was approved by the ethics committee of First Affiliated Hospital, Shantou University Medical College (China). Written consent was given by the patients for their information to be stored in the hospital database and used for research.
general Data
We performed a retrospective review of 13 patients with paradoxical herniation identified in the databases of the neurosurgical departments of the first affiliated hospital, Shantou University Medical College, the people's hospital of Jieyang city and the central hospital of Shantou City. These cases, covering a period of 2007-2011, were supported with detailed clinical records including pre-and post-operative computed tomography (CT) scans and 6-month follow-up information. Patients' characteristics are summarized in Table  I . The cohort comprised ten men and three women. The mean (SD) age of the patients was 57.9 years (ranged from 34 to 75). All of them underwent unilateral decompressive craniectomy because of deteriorated intracranial hypertension. There is no patient with bilateral decompressive craniectomy who presented paradoxical herniation in our hospital. In addition, five patients had severe brain injuries, four patients had ruptured aneurysms, and five patients had strokes. Postoperatively, 11 patients underwent lumbar puncture, seven patients underwent external ventriculostomy, six patients experienced continued lumbar CSF drainage, four patients underwent ventriculoperitoneal (VP) shunts, and one patient suffered CSF rhinorrhea (Figures 1A-D; 2A-H; 3A-I).
Clinical Manifestation
Paradoxical herniation occurred in eight cases during the 2 weeks postoperatively. Initial clinical presentations included tense skin flap without sinking at the region of decompressive craniectomy and typical symptoms of brain herniation, such as brainstem release signs, altered state of consciousness, and pupillary changes. Furthermore, six patients developed paradoxical herniation in the post-operative period of 2 weeks to 2 months presenting sinking skin flaps and delayed neurological deficits, such as persistent or orthostatic Table I ) presented paradoxical herniation occurred during the postoperative 2 weeks. CT and CTA revealed left occipital hematoma rupturing into the ventricular system and no vascular malformations (A). On post-operative day (POD) 1, CT scan after decompressive craniectomy showed the volume of hematoma in the ventricle was markedly decreased with a slight shift of midline while the external drain of postoperative 24 hours was 280ml (B). On POD 5, the patient's neurological status deteriorated with ICP fluctuating between 1 and 3 mm Hg, the systolic blood pressure dropped to 85 mm Hg. The CT scan demonstrated a significant midline shift (C). After removing the external ventricular drainage, being placed in the Trendelenburg position and receiving sufficient hydration intravenously, CT scan on POD 14 showed the resolution of midline shift, mild ventricular expansion and significant reduction in the volume of hematoma (D). 
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Intracranial Pressure (ICP)
ICP was monitored in four patients (Codman® intracranial pressure monitor), and on average, patients underwent 10 days of epidural ICP monitoring. The data showed that ICP ranged from -3 to 3 cm H 2 O, and the variations of the blood pressure were 72-81/35-46 mmHg in patients with paradoxical herniation. 13 patients underwent lumbar puncture presented low ICP fluctuating between 3 and 5 cm H 2 O. Due to such low ICP, an extraction was done using a syringe along the puncture tube of the CSF drain.
headaches, dizziness, mood disturbance, memory loss, autonomic instability and dyspraxia.
Computed Tomography features
CT images can reveal the structural alterations suggesting intracranial hypotension: flattening of the pons along with shrinking or effacement of prepontine and perichiasmatic cisterns in eight patients, sinking skin flaps in six patients (as shown in Figure 2A -H), and subdural hygroma in seven patients. In addition, midline shifts in the direction opposite to the skull defects and brainstem compressions were shown in all patients. which can be resolved rapidly by cranioplasty (32) . However, cranioplasty occasionally improve epilepsy and psychiatric symptoms occurred after craniectomy (15) . Even if cranioplasty improves most symptoms, some residual memory, irritability, and dyspraxia may persist (34). Interestingly, we found that paradoxical herniation presented sinking skin flap in the post-operative period between 2 weeks and 2 months. The most obvious sinking skin flap with a low tension occurred during 2 weeks postoperatively and it was possibly caused by the receding of herniated brain tissues in the subacute and chronic phases (1).
The low ICP herniation and CSF losses cause the major postoperative complications showed in our studies. They elevated the pressure gradient across the craniectomy defects (1,9), which resulted in the intracranial structures shift to infratentorium and compression of brainstem at the foramen magnum along with brain gravity. As shown in Table  I , 11 patients with large skull defect presented paradoxical herniation after unique CSF drainage (one patient with CSF rhinorrhea, ten patients receiving lumbar puncture). There are seven patients who underwent external ventriculostomy along with lumbar puncture or continued lumbar CSF drainage and four patients received VP shunts. All of them developed paradoxical herniation. The data in our study are consistent with other studies (1,9,13,29,34). Other studies (4,17,19,27,28) also showed the paradoxical herniation caused by prolonged CSF leakage through occult dural defects or intraoperative CSF drainage. The occult CSF leakage secondary to skull base fracture is usually considered as a primary cause of intracranial hypotension because of its difficult locating and frequent recurrence (23) .
The patient with CSF depletion or intracranial hypotension presents headache, vision changes, nausea, neck stiffness, and photophobia. Unfortunately, these symptoms are noncharacteristic. They will lead to the misdiagnosis of meningitis and then undergoing lumbar puncture for CSF examination (22) . A large sinking skin flap at the region of decompressive craniectomy reveals the need of further evaluation via diagnostic imaging. The subdural or epidural hygroma with expansion of the overlying skin flap could cover up the sinking defect (32) . Hydrocephalus is another differential diagnosis with characteristic diagnostic imaging presented similar symptoms. However, hydrocephalus accompanied with low-compliance ventricles (e.g., slit ventricle syndrome) may confound the clinicians' diagnosis. The misdiagnosis will worsen the condition of the patient because of the different treatments. The compression of the subarachnoid space at the region of decompressive craniectomy secondary to the force of atmospheric pressure leads to the blockage of CSF circulation, which may cause the subdural or epidural hygroma, hydrocephalus and the subgaleal fluid collection (1). The condition of the patient with paradoxical herniation could be progressively worsening while the pressured brain tissue shifted along with its compressive strength on posterior fossa structures. Therefore, the treatments to revert the herniation are essential. The treatments are based on elevation of ICP and elimination of the pressure gradient across the craniectomy defects. It is also important to avoid VP shunts and external
Treatment
Sufficient hydration with 2,500-4,000 ml fluids per day was given intravenously in 13 patients while the dehydration agents were terminated. Seven patients were placed in the Trendelenburg position. The sources of CSF loss were blocked by clamping all drains in 13 patients. Two patients with continued lumbar CSF drainage underwent a slow injection of 20 and 50 ml saline through lumbar drainage tube respectively. One patient was treated by re-programming of a ventriculoperitoneal (VP) shunt to a 200-mm valve setting. Subsequently, six patients underwent cranioplasty.
█ RESuLTS
As soon as the diagnosis of paradoxical herniation was made, seven patients were placed in the Trendelenburg position and given sufficient hydration within 1 hour. The effectiveness of such treatment was supported by the return of responsive pupils in three patients and re-expansion of the sinking skin flap in four patients. Two patients with continued lumbar CSF drainage underwent a slow injection of 20 and 50 milliliter saline respectively through the lumbar drainage tube and showed improvements in symptoms. Six patients remained in stable condition with marked improvement of 3-5 in Glasgow Coma Scale (GCS) score and resolution of midline shift in the subsequent brain CT scans.
█ DISCuSSIOn
Decompressive craniectomy is usually performed to deal with uncontrollable intracranial hypertension due to a variety of causes. The conversion of the skull into an "open box" may bring some risks. It disrupts the Monro-Kellie model and brings a new variable called the atmospheric pressure, which is the equivalent of 14.7 pounds/in 2 or 1033 cm H 2 O (1). The atmospheric pressure, altered CSF circulation (9, 12) and cerebral blood flow (26,31) could cause intracranial hypotension, which results in syndrome of the trephined. It is supported by our ICP readings ranging from -3 to 3 cm H 2 O and the variations of the blood pressure which are 72-81/35-46 mmHg in 3 patients with earlier paradoxical herniation. The combination of this low-pressure state and brain gravity effect can cause brain sag (1), which leads to eventual paradoxical herniation if there is no effective treatment to reverse the process (24) .
The syndrome of the trephined and its symptoms were firstly described by Grant and Norcross (16) in 1939, although the term itself had been coined elsewhere from an unreferenced source. It is also known as the "sinking skin flap syndrome" because of the sinking skin flap overlying region of decompressive craniectomy occurred in the subacute phase (36) . The syndrome of the trephined is not uncommon following craniectomy with an incidence of 10% in our cohort (13 in 131 patients with decompressive craniectomy), which is consistent with the incidence in other study results that ranged from 7% to 11% (29) . The patients presented persistent or orthostatic headaches, dizziness, mood disturbances, and memory difficulties within weeks to months after craniectomy, cerebral metabolism, prevention of cerebral cortical thinning and improvement of cerebral vascular reserve capacities (11, 37) . As shown in Figure 3A -I, a 68-year-old woman developed paradoxical herniation on the post-operative 5 day after clipping of ruptured middle cerebral arterial aneurysm on the left and decompressive craniectomy. She was improved rapidly after being placed in the Trendelenburg position and receiving sufficient hydration. She was discharged from the hospital due to lack of financial support for any further treatment including cranioplasty. She began to experience worse headaches, neck pain and dizziness 62 days postoperatively. She was diagnosed with paradoxical herniation with the support of imaging examination. Then she received cranioplasty and got some improvements. Her perfect outcome suggests that cranioplasty is a definitive treatment for paradoxical herniation.
█ COnCLuSIOn
Paradoxical herniation caused by intracranial hypotension can rapidly progress especially along with spontaneous, traumatic, or iatrogenic CSF depletion. It is important for neurosurgeons to suspect paradoxical herniation in a subset of patients with large craniectomy defects and a tense skin flap without sinking during the post-operative 2 weeks, patients with sunken skin flap at the craniectomy sites, and patients presented new nonspecific neurologic complains of fever, headache, vision disturbance, autonomic irregularities, and altered consciousness in the postoperative period of 2 weeks to 2 months. Paradoxical herniation is rapidly reverted by improving CSF hydration and performing early cranioplasty. The misdiagnosis of paradoxical herniation can cause the rapid deterioration of patients, which reminds us to deal with this condition more carefully and seriously especially for the patient treated by non-neurosurgical clinicians initially. ventriculostomy. As paradoxical herniation progresses, the patients may present with alterations in consciousness, vision and pupillary changes, brainstem localizing signs, and autonomic instability. More remarkably, paradoxical herniation can occur with normal ICP values (8, 20) .
Imaging plays important roles in the diagnosis of paradoxical herniation. Despite of limited emergency application, magnetic resonance imaging (MRI) is known as the best technique for demonstrating the characteristic pattern of diffuse dural gadolinium enhancement, which reveals intracranial hypotension. Focal and unilateral postsurgical enhancement is easily differentiated from the intracranial hypotension (21) . Furthermore, imaging also reveals subdural fluid collections, crowding of posterior fossa by midline structures, shrinking of prepontine and perichiasmatic cisterns, congestion of cerebral venous sinuses, and enlargement of pituitary gland (5,  22 ). In addition, bilateral subdural hygromas with the lesions of thalamus, basal ganglia, cerebellum and brainstem, the signs of worse prognosis, are commonly supporting pieces of evidence (5,18).
The treatment of paradoxical herniation is an emergency management in neurocritical care units based on eliminating the pressure gradient across the craniectomy defects, involving immediately placing the patient in the Trendelenburg position, providing IV hydration, and stopping all treatments of reducing ICP. Hyperosmolar solution administration, CSF drainage, elevation of bed height, and hyperventilation should be avoided (5,9). Failure to recognize the shift from high to low ICP states can result in rapid deterioration of the patients because of the dramatically different treatment (9) .
Moreover, the source of CSF loss should be blocked by clamping all drains and repairing the identified CSF fistula site without any delay. But even without lumbar puncture or CSF shunt, the patient with spontaneous or undiagnosed preexisting dural defects may develop intracranial hypotension (35) . It is difficult to recognize these defects at the cervicothoracic junction and lumbar region (25) because of the limited imaging sign (2,6). Intrathecal gadolinium-enhanced magnetic resonance cisternography has more advantage than CT myelography and nuclear medicine studies in detecting leaks in low and high-flow states (3). It is referred as the best modality in inspecting anatomic leaks (30) .
Epidural blood patch has become the accepted treatment which relieves the clinical symptoms within hours (9, 10, 30) . Interestingly, the symptoms of two patients with continued lumbar CSF drainage were rapidly improved by undergoing a slow intrathecal injection of 20 and 50 milliliter saline through the lumbar drainage tube respectively. However, the effects of this treatment were temporal, which reveals the need of more detailed investigation.
Early cranioplasty, conversion of an "open box" to "closed box", is becoming increasingly adopted. It has been demonstrated that cranioplasty can improve cerebral blood flow and CSF circulation in the defect area (33) . Additionally, cranioplasty is beneficial to the elevation of superior sagittal sinus pressure,
